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Permeability of dialyzer membranes to TNF.inducing substances
derived from water bacteria. Pro-inflammatory cytokine-inducing sub-
stances derived from cultured E. coil have previously been shown to
pass across low-flux regenerated cellulosic dialyzer membranes. In the
present study, a sterile filtrate of Pseudomonas maitophilia grown from
standard bicarbonate dialysis fluid was used to test the permeability of
various dialyzer membranes (regenerated cellulose, cellulose triacetate,
polyacrylonitrile, polysulfone and polyamide) to TNFa-inducing bacte-
rial substances. Pyrogen-free tissue culture medium (MEM) was recir-
culated for 60 minutes in the dialysate compartment of a closed-loop
dialysis system, then P. maltophiiia filtrate was added and recirculation
was continued for a further hour. Samples from the dialysate (MEM)
and the blood side (containing 10% human plasma in MEM) were
incubated with donor mononuclear cells (MNC) for 18 hours and TNFa
release was measured in MNC supernatants by radioimmunoassay.
Five minutes after the addition of P. maitophilia filtrate, mean TNFa-
inducing activity in the dialysate increased from (mean 5EM) 0.10
0.02 to 18.2 1.5 (ng/2.5 x 106 MNC/18 hr). TNFa-inducing activity in
the blood side increased with regenerated cellulose from 0.10 0.01 to
4.57 1.55 (N 8; P < 0.001); with cellulose triacetate from 0.20
0.05 to 0.44 0.10 (N = 5; P < 0.05), and with polyacrylonitrile from
0.10 0.02 to 1.16 0.45 (N = 5; P < 0.03). No increased
TNFa-inducing activity was observed in the blood side of polysulfone
(N = 5) or polyaniide dialyzers (N 5). Polymyxin B reduced dialysate
TNFa-inducing activity by 40%, but had no effect on the TNFa-
inducing activity of samples derived from the blood compartments. We
conclude that the permeability of dialyzer membranes to cytokine-
inducing substances derived from water bacteria is influenced by the
physicochemical nature of the membrane rather than its pore size.
Backfiltration was 1 .2 mI/mm with all dialyzers, suggesting that the
transport of cytokine-inducing substances was predominantly by diffu-
sion. As the cytokine-inducing material passed through low-flux regen-
erated cellulose, our data suggest that the molecular weight of the
material is less than S kD.
Bacterial contamination of the dialysate fluid has been a
continuous problem since the early days of chronic hemodial-
ysis therapy [1]. Although the dialysate preparation and distri-
bution technique has improved markedly during the last dec-
ade, bacteria still grow in the dialysate and endotoxin
concentrations may still be high [2]. However, since there is a
controversy whether or not endotoxin or other bacterial pyro-
gens are able to penetrate intact dialyzer membranes, it is not
yet obligatory to use sterile, pyrogen-free dialysate.
Over the last eight years several investigators addressed the
question of pyrogen penetration through intact dialyzer mem-
branes. They used the Limulus amebocyte lysate (LAL) assay,
which detects the whole lipopolysaccharide (LPS) molecule as
well as its hydrophobic subunit called lipid A. These studies
failed to demonstrate the passage of LPS or lipid A through
regenerated cellulosic membranes [31 or polysulfone mem-
branes [4] using in vitro dialysis systems with aqueous solutions
circulating in the blood compartment and diluted, purified LPS
circulating in the dialysate compartment.
Human mononuclear cells (MNC) can be used to detect
endotoxin in pg/mi concentrations by incubating these cells
with test material and measuring the subsequent cytokine
production [5—7]. The advantage of this assay is that it detects
pyrogenic material that is LAL-negative [8, 9]. We used this
method to demonstrate the passage of E. coil-derived material
through regenerated celiulosic dialyzer membranes [10, 11].
Recently, this observation has been confirmed using LAL-
negative tritium labelled phenol extracted small molecular
weight fragments of endotoxin [12].
In the present study, an in vitro dialysis model and the in
vitro MNC test system were used to investigate whether
various high flux dialyzers are more permeable due to their
larger pore size than those with regenerated cellulose to cyto-
kine-inducing (biologically active) substances derived from
dialysate-born bacteria. A sterile filtrate of Pseudomonas mai-
tophiiia grown from bicarbonate dialysate was used to chal-
lenge the dialyzer membranes. Although it is known that MNC
produce different cytokines in response to bacteria-derived
substances including IL-I, interleukin-6 and TNFa [6], we
decided to measure TNFa in MNC supernatants since TNFs is
readily released into the cell-supernatant [13].
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Preparation of sterile bacterial filtrate
P. maltophilia were grown in 1000 ml glass bottles containing
brain-heart infusion (BHI) broth in a shaking water bath at 37°C
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Fig. 1. The in vitro dialysis circuit. Two to
four of these systems were run in parallel,
dialyzers were kept at 37°C. Compartment
volumes, flow rates, the ultrafiltration rate and
sites of pressure measurements are indicated.
Circulation was performed for 2 hours in a
countercurrent manner.
for 48 hours. The bacteria were pelleted by centrifugation and
the supernatant was filtered through a 0.22m filter (Millipore
GmbH, Eschborn, Germany) to obtain P. maltophilia filtrate.
Sterility of the filtrate was confirmed by the lack of bacterial
growth in brain-heart infusion broth during incubation for two
days. The endotoxin concentration in the undiluted P. motto-
philia filtrate was 2 tg/ml as measured by the chromogenic
LAL test (Coatest Endotoxin, Kabi Vitrum AB, Stockholm,
Sweden) and as confirmed by the semiquantitative gel clotting
test (Malinckrodt, Stockholm, Sweden, kindly performed by
Dr. R. Nystrand, Lund, Sweden). The maximal dilution of the
P. maltophilia filtrate that still induced TNFs production in
MNC was 1 x iO—. The filtrate was frozen in aliquotes at
—20°C and thawed only once before use in a 1: 10 dilution
(approximately 0.2 jg/ml LAL-active material) in the dialysis
experiments. Prior to each challenge experiment, the bacterial
filtrate was sonicated for 30 minutes and its TNFs-inducing
activity was confirmed by adding serial dilutions of the filtrate
to MNC incubations for 18 hours. During three months, no
significant decrease in cytokine-inducing activity was observed
for the P. maltophilia filtrate stored in aliquots at —20°C.
Incubations in serial dilutions with mononuclear cells consis-
tently induced TNFa production down to a dilution of 10.
The in vitro dialysis circuit
A closed-loop dialysis system as shown in Figure 1 was used.
The blood lines were standard polyvinyl-chloride hemodialysis
line sets (Gambro KG, Hechingen, Germany). In each experi-
ment different dialyzers were perfused in parallel using separate
dialysate and blood circuits, The following hollow fiber dialyz-
ers were used: (a) GF 120 H® (8 m regenerated cellulose,
surface area 1.2 m2, Gambro KG, Hechingen, Germany); (b)
GF 120 L® (16 m regenerated cellulose, surface area 1.1 m2,
Gambro KG); (c) FB 190 U® (15 rm cellulose triacetate, surface
area 1.9 m2, Nipro, Osaka, Japan); (d) Filtral 12® (AN 69®, 45
m polyacrylonitrile, surface area 1.15 m2, Hospal, NUrnberg,
Germany); (e) Hemoflow F60® (50 m polysulfone, surface area
1.2 m2, Fresenius AG, Oberursel, Germany); (f) Polyflux 130®
(50 im polyamide, surface area 1.3 m2, Gambro KG).
The dialysis system was assembled under sterile conditions
and the blood and dialysate compartments were rinsed with 2
liters of sterile, pyrogen-free saline. The saline in the dialysate
side was then replaced by ultrafiltered [14] Eagle's minimal
essential medium (MEM, Whittaker M.A. Bioproducts Inc.,
Walkersville, Maryland, USA) containing 10 mivi HEPES, 100
U/mI penicillin and 100 g/ml streptomycin. The sterile medium
in the dialysate loop (volume approximately 180 ml) was
circulated at a flow rate of QD = 100 mI/mm. After one hour of
sterile dialysis, 18 ml of P. ma/top hilia filtrate were added to the
dialysate (total challenge dose approximately 36 g 0.2 g/ml
LAL active material). The bacterial filtrate was circulated for
one additional hour. The blood compartment (150 to 180 ml)
contained 10% human plasma (heparinized with 10 U/mi) in
MEM. In all experiments the solution in the blood side was
circulated at a flow rate of Q8 = 100 mI/mm. Both loops were
kept at 37°C and circulated in a countercurrent manner during
the two hours of in vitro dialysis. In the blood side a constant
infusion of MEM containing 10% plasma at a flow rate of 0.5
mI/mm was maintained. On the dialysate side a syringe was
hooked to the circuit to take up the ultrafiltered volume. In this
comparative study, two to four in vitro dialysis systems includ-
ing the different dialyzers were operated in parallel on the same
day.
Calculation of backfiltration
To estimate backfiltration in the closed loop experiments,
pressure measurements were obtained simultaneously at the
blood inlet (PB,,) and outlet (80) as well as the dialysate inlet
(D) and outlet (PDt) of every type of dialyzer tested. Closed
loop recirculation was performed under the conditions of con-
stant volume in the two compartments and zero net ultrafiltra-
tion. Pressure measurements were taken every five minutes
during 30 minutes of in vitro dialysis using calibrated glass tubes
filled with water and the mean pressure of the peristaltic wave
was used for the estimations. The relative accuracy of the
pressure readings in the calibrated glass tubes was 94%. Under
stable conditions (approximately after 20 mm of circulation)
three pressure measurements for each site and dialyzer were
averaged (mean SD). Assuming a linear drop in pressures
along the dialyzer, ultrafiltration in the first half of the dialyzer
equals backfiltration in the second half resulting in zero net
volume shift across the dialyzer membrane. A linear approxi-
mate of backfiltration was calculated by multiplying the hydrau-
lic permeability (HP) with the mean transmembranic pressure
(TMP) occurring in the active area of backfiltration (the second
half of the dialyzer). The maximal TMP at the blood outlet
Q5 = 100 mI/mm = 100 mI/mm
0.5 mI/mm UF = 0.5 mI/mm
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equals (iP8 + PD)/2. The mean TMP in the second half of the
dialyzer is half of this: (P8 + As the active area of
backfiltration is only half of the total surface area of the dialyzer
the latter formula has to be divided by two resulting in the
equation:
QF = HP x (LPB + LPD)/8
Abbreviations are: QF = backfiltration (ml/min); HP = hydrau-
lic permeability derived from the ultrafiltration coefficient
(rnl/mm Hg/hr/rn2) given by the manufacturers (listed in refer-
ence [151), representative numbers corrected for the surface
area of the dialyzer were used: for low flux regenerated cellu-
lose 0.1 (mI/mm/cm H20/m2), and for all high flux membranes
1.0 (ml/min/cm H20/m2); = Bin — Bout; = Din —
'Dout
Incubation of mononuclear cells to measure TNFa-inducing
activity
Samples from the dialysate loop of the in vitro systems were
drawn at 60, 65, 90 and 120 minutes. Samples from the blood
loop were drawn at 30 and 60 minutes (sterile dialysis) and 90
and 120 minutes (bacterial filtrate in dialysate) of recirculation.
Every sample (2 ml) was replaced by an equal volume of the
corresponding medium to maintain a constant circulating vol-
ume in both compartments. All samples, including relevant
medium controls (no contact to the dialysis circuit, without and
with two hours of preincubation at 37°C), were preincubated for
two hours at room temperature in the presence and absence of
10 g!ml polymyxin B (Pfizer, New York, New York, USA), a
non-specific inhibitor of lipid A and lipopolysaccharide [16].
The samples were then incubated with human MNC to measure
TNFa-inducing activity. MNC were separated by Ficoll Hy-
paque centrifugation and resuspended in MEM supplemented
with 2% heat-inactivated human AB serum at a concentration of
5 x lO cells/mi. Samples drawn from the blood and the
dialysate compartment (0.5 ml each) were incubated with equal
volumes of MNC suspension in 24 well, flat bottom polystyrene
plates (NunclonR, A/S Nunc, Roskilde, Denmark). During 18
hours of incubation, cells were kept at 37°C in an atmosphere
containing 5% CO2. After this period, the MNC supernatants
were removed and centrifuged for five minutes at 4°C to remove
cell fragments. Supernatants obtained were stored at —70°C
until measurement.
The previously described intra- and inter-individual variabil-
ity in the MNC response to bacterial substances (such as LPS)
[17, 181 was taken into account in the experimental design of
this study. The same donor's plasma and cells separated from
one blood sample were used to test the permeability of two to
four different dialyzers in parallel in vitro circuits on the same
day. Furthermore, every single dialysis experiment included
internal control samples drawn during the first hour of sterile in
vitro dialysis.
Radioimmunoassay for TNFa
The in vitro cytokine-inducing activity of samples drawn
from the dialysis circuit was determined using the measurement
of TNFa in MNC supernatants by radioimmunoassay (RIA).
The RIA for TNFa is a competitive assay using a polyclonal
rabbit antiserum raised against human recombinant TNFa (a
gift of Prof. C.A. Dinarello, Boston, Massachusetts, USA),
human recombinant TNFa (provided by Dr. Alan Shaw, Glaxo,
Geneva, Switzerland) and 1251-labeled human recombinant
TNFa as competitor. The RIA was performed as described
previously [181. The sensitivity of the RIA was set at 95%
binding of '251-TNFa, corresponding to 0.02 ng/ml TNFa.
MNC supernatants of controls and of samples drawn during the
sterile phase of each experiment were assayed undiluted. Su-
pernatants of samples drawn during the challenge phase were
assayed undiluted as well as diluted by a factor of 5, 10 and 100.
The sample dilution giving a binding of '251-TNFa in the range
of 30 to 70% was used to calculate the induced amount of
TNFc, which was finally expressed as ng/2.5 x 10 MNC/18 hr
of incubation. To compare the sterile phase to the challenge
phase of every experiment, TNFx-inducing activity measured
in the blood side at 30 and 60 minutes of sterile dialysis was
averaged and compared to the averaged TNFa-inducing activ-
ity measured in the blood side during the challenge period at 90
and 120 minutes.
Enzyme immunoassay for human C5a/C5a(desArg)
The anaphylatoxin C5aJCSa(desArg) generated in the 10%
plasma solution during in vitro dialysis was measured using an
enzyme immunoassay (ELISA) which is based on the
neoepitope-specific monoclonal antibody C 17/5 (provided by
Prof. 0. Gotze). The advantage of this antibody is that the
removal of CS from plasma is not required prior to the quanti-
tative measurement of C5a/C5a(desArg). The detection limit of
this sensitive ELISA is 20 pg C5a/ml plasma. The assay was
performed as described previously [191.
Statistics
Results are given as individual data or are expressed as mean
SEM. Significance was assessed by the Student's paired t-test
using the logarithmic values of the data obtained. Results were
considered to be significant when P < 0.05.
Results
Permeability of hemodialysis membranes to TNFa-inducing
substances derived from P. maltophilia
The TNFa-inducing activities in samples drawn from the
dialysate compartments before and after the addition of P.
maltophilia filtrate are shown in Figure 2. Compared to sterile
dialysis during the first 60 minutes of dialysis, TNFa-inducing
activity increased in the dialysate side of all dialyzers as
measured in samples taken after 65 minutes (5 mm after the
addition of P. maltophilia filtrate) from the dialysate compart-
ment. The mean (± SEM) TNFa-inducing activity measured at
this time was with polyamide 14.8 3.2 (ng/2.5 x l0 MNC/18
hr), with polysulfone 18.0 4.0 (ng/2.5 x l0 MNC/l8 hr), with
polyacrylonitrile 19.4 1.5 (ng/2.5 x 106 MNC/18 hr), with
cellulose triacetate 19.2 1.5 (ng/2.5 x 106 MNC/l8 hr), and
with 8 sm regenerated cellulose 19.6 1.9 (ng/2.5 )< l0
MNC/18 hr). During the following 55 minutes of in vitro dialysis
in the presence of P. maltophilia filtrate, the TNFa-inducing
activity in the dialysate did not change significantly with all
dialyzers.
In the blood side (Fig. 3), the samples drawn during sterile
recirculation (results of samples drawn after 30 and 60 mm were
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Fig. 2. TNFa-inducing activity in the dialysate compartments con lain-
ing MEM of all dialyzers tested for the permeability to substances
derived from P. maltophilia. The various membranes are indicated by
different symbols: (•) regenerated cellulose; (0) cellulose triacetate;
(•) polyacrylonitrile, () polyamide, (V) polysulfone. Data represent
the mean SEM of N = 8 for 8 m regenerated cellulose and of N = 5
for all other membranes. The horizontal axis depict the time of in vitro
dialysis (in minutes) when samples were drawn from the dialysate
compartments during sterile dialysis (60 mm) and during the challenge
with a culture filtrate of P. maltophilia (65, 90 and 120 mm). The
induced TNFa production from MNC is depicted as "ng/2.5 x 106
MNC/18 hours" on the vertical axis.
averaged) did not induce increased TNFs production compared
to control samples (10% plasma in MEM) kept in pyrogen-free
polypropylene tubes at 37°C for two hours (0.18 0.02 ngI2.5 x
106 MNC/18 hr). Following the challenge of the dialysate with
P. maltophilia filtrate, mean TNFa-inducing activities (results
of samples drawn after 90 and 120 mm were averaged) in the
blood compartment increased significantly with 8 xm regener-
ated cellulose from 0.10 0.01 to 4.57 1.55 ngI2.5 x 106
MNC/l8 hr (N = 8; P <0,001); with cellulose triacetate from
0.20 0.05 to 0.44 0.10 ng/2.5 x 10 MNC/18 hr (N =5; P <
0.05), and with polyacrylonitrile from 0.10 0.02 to 1.16 0.45
ng/2.5 x 1O MNC/18 hr (N = 5; P < 0.03). No significant
increase of TNFa-inducing activity was detected in the blood
side of polysulfone (N = 5) or polyamide (N = 5) dialyzers
during the challenge part of the experiments.
To investigate the influence of membrane thickness on the
permeability of regenerated cellulosic dialyzers to TNFa-induc-
ing substances derived from P. maltophilia, we compared the 8
j.m regenerated cellulose to a 16 m regenerated cellulose of
similar surface area (Fig. 4). Compared to the plasma control
samples no additional TNFa-induction was observed during the
sterile phase of the experiments. Following the challenge of the
dialysate side with P. maltophilia filtrate, TNFa-inducing ac-
tivity in the blood side of the 8 m regenerated cellulosic
dialyzer (N = 5) increased in three experiments at 90 minutes
and in all five experiments at 120 minutes. In contrast, with the
16 m dialyzer (N = 5) TNFa inducing activity increased only
slightly in one experiment at 90 minutes and in two experiments
at 120 minutes.
Effect of polymyxin B on P. maltophilia-derived TNFa-
inducing substances
Figure 5 demonstrates the effect of polymyxin B on TNFa-
inducing activity detected in the dialysate, and blood compart-
ments of 8 m regenerated cellulose and cellulose triacetate
dialyzers following challenge of the dialysate with bacterial
culture filtrate derived from P. maltophilia. The addition of
polymyxin B reduced the mean P. maltophilia-derived TNFa-
inducing activities in the dialysate compartments by 45% (from
19.6 to 10.8 ngI2.5 x 106 MNC/l8 hr) with 8 m regenerated
cellulose, and by 40% (from 19.2 to 11.5 ng/2.5 x 106 MNC/18
hr) with cellulose triacetate. In contrast to previously published
challenge experiments using E. coli-derived filtrates [11] in
which blood side activities were significantly inhibited by
polymyxin B, this antibiotic had no inhibitory effect on TNFa
induction by blood side samples from regenerated cellulose and
cellulose triacetate dialyzers obtained during dialysate chal-
lenge with P. maltophilia filtrate.
Influence of C5a/C5a(desArg) generated in the blood
compartment during in vitro dialysis
The activated complement component CSa has been shown
to enhance MNC cytokine production in response to endotoxin
[20, 21]. Therefore, the generation of C5a/C5a(desArg) in 10%
plasma during in vitro dialysis with the various dialyzers used in
this study was measured in two additional experiments. The
numbers of the second experiment are given in parentheses. In
control samples containing 10% plasma in MEM incubated for
two hours at 37°C, the C5a/C5a(desArg) concentration was 2.84
(1.35) ng/ml. Under the conditions of sterile in vitro dialysis for
120 minutes using the same donor's plasma in parallel experi-
ments, C5a/C5a(desArg) was not different from control levels
with polyamide [30 mm: 2.78 (1.73) ng/ml; 120 mm: 3.63 (2.18)
nglmll, with polyacrylonitrile [30 mm: 0.5 (0.5) ng/ml; 120 mm:
0.5 (0.5) ng/mlj and polysulfone [30 mm: 0.73 (0.5) ng/ml; 120
mm: 1.4 (1.21) ng/ml}. A slight increase was observed with
cellulose triacetate from 5.16 (2.87) ng/ml after 30 minutes to
6.79 (5.65) ng/ml after 120 minutes. In experiments with 8 m
regenerated cellulose, CSaIC5a(desArg) increased significantly
from 3.78 (1.01) ng/ml after 30 minutes to 19.01 (12.94) ng/ml
after 120 minutes. Compared to these data obtained during
sterile recirculation for 120 minutes, the time-dependent accu-
mulation of C5a/C5a(desArg) in the blood side of regenerated
cellulose was similar when P. maltophilia filtrate was added to
the dialysate after 60 minutes: C5aJC5a(desArg) increased from
2.47(0.89) ng/ml after 30 minutes to 18.15 (14.71) ng/ml after 120
minutes.
However, TNFr-inducing activity in the blood side of regen-
erated cellulosic dialyzers increased only when P. maltophilia
filtrate was present in the dialysate. In the experiments with 8
jm regenerated cellulosic dialyzers where the CSaJC5a(desArg)
measurements were done, the TNFc-inducing activity (ngI2.5
x 10 MNC/18 hr) remained unchanged during sterile dialysis
[0.17 (0.10) at 60 mm; 0.25 (0.15) at 120 minI but increased from
0.17 (0.26) at 60 minutes to 2.4 (1.3) at 120 minutes under
challenge conditions. Preincubation of blood side samples
drawn during the challenge phase of the latter experiment with
the monoclonal C5a antibody (C 17/5) [19] reduced the TNFa-
inducing activity by approximately 25% in both experiments.
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Calculation of backfiltration
Table 1 depicts pressure measurements taken under stable
conditions of circulation with the five different membranes.
Backfiltration under the applied in vitro conditions was calcu-
lated using the equation described in methods. The maintained
ultrafiltration rate of 0.5 mi/mm was subtracted from the calcu-
lated amount of backfiltration to give the "net" backfiltration
depicted in Table I for each membrane. "Net" backfiltration
was zero with regenerated cellulose, very low with polyacry-
lonitrile and polysulfone (0.2 mI/mm), and 1,2 ml/min with
cellulose triacetate and polyamide.
Discussion
This study demonstrated that low flux regenerated cellulose
and two types of high flux membranes (cellulose triacetate and
polyacrylonitrile) were permeable to TNFa-inducing sub-
stances derived from P. maltophilia. The blood side samples of
regenerated cellulosic dialyzers induced the most TNFa follow-
ing bacterial filtrate challenge of the dialysate. However, as
there was significant C5a accumulation only with regenerated
cellulose, the possibility must be considered that the C5a
contributed to the total amount of TNFa induced by blood side
samples from this dialyzer. This is supported by the 25%
reduction in TNFa-inducing activity in the post challenge blood
side samples when they were incubated with antiC5a antibody.
Confirmation that the production of TNFa was predominantly
due to bacterial substances crossing the regenerated cellulosic
membrane is provided by the failure of samples containing the
same amounts of C5a in the absence of bacterial challenge to
cause TNFa production. It has been shown that C5a alone
induces only transcription of messenger RNA coding for cyto-
kines but no translation into the cytokine peptides in MNC [201.
However, when such C5a-"primed" MNC were exposed to a
second stimulus such as endotoxin, they produced more cyto-
kines than unprimed control MNC [20].
Heparinized plasma is also known to enhance MNC response
to bacteria-derived cytokine-inducing substances [11, 13]. This
nonspecific amplifying effect may have contributed to the
positive results obtained with polyacrylonitrile and cellulose
triacetate membranes. In addition to the role of activated
complement components discussed above, factors possibly
involved in the enhancing effect of plasma include specific
binding proteins such as LPS-binding proteins [221, platelet
derived factors such as serotonin, as well as thrombin [23]. As
the MNC response to, for example, endotoxin, is enhanced by
a factor of 5 to 10 in the presence of 10% plasma [131, the
TNFa-inducing activity detected in the blood side of regener-
ated cellulose (4.57 ngI2.5 x 106 MNC/l8 hr) does not represent
25% of the TNFa-inducing activity added to the dialysate (19.6
ng/2.5 x l0 MNC/18 hr) but only approximately 2.5 to 5%.
This percentage is comparable to the results published by
Laude-Sharp et al [12] who used phenol-extracted LPS
fragments to demonstrate the passage of bacterial substances
across intact dialyzer membranes.
The failure to demonstrate an increase of TNFa-inducing
activity in the blood side samples of polyamide- and polysulfone
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Fig. 3. TNFa production of human MNC
incubated with samples from the blood
compartments of the in vitro circuits
containing 10% plasma in MEM, before and
after challenge of the dialysate with P.
maltophiliafiltrate (0.2 jsglml LAL active
material). "Control" represents 10% plasma
in MEM without contact to the circuit, not
preincubated (0') or preincubated at 37°C for 2
hours (2 hr). Hatched bars () represent
the averaged TNFn-inducing activities of
samples drawn at 30 and 60 minutes from the
blood side during dialysis with sterile MEM as
dialysate. Closed bars () depict averaged
activities of samples drawn at 90 and 120
minutes from the blood side following
challenge of the dialysate side with P.
maltophilia filtrate. Results are expressed as
the mean SEM ofTNFa-inducing activity
(ngI2.5 )< 1O MNC/18 hr).
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Fig. 4. TNFc production from human MNC incubated with samples
from the blood compartment of 8 m (•) and 16 irm (0) regenerated
cellulosic dialyzers containing 10% plasma in MEM, before and after
challenge of the dialysate (MEM) with P. maltophilia filtrate. Samples
from the blood compartment were drawn during sterile circulation (30
and 60 mm) and during in vitro dialysis in the presence of P. maltophilia
filtrate in the dialysis (90 and 120 mm). The individual data of 5 parallel
experiments are shown.
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TNFa-inducing activity in the blood side
ng/2.5 mill. MNC//18 hrs
Table 1. Pressure measurements and calculated backfiltration in the
closed loop dialysis system
Blood Dialysate
"net"
compartment compartment backfiltration
Dialyzer B inlet B outlet D inlet D outlet = QF-UF
membrane cm 1120 cm 1120 cm 1120 cm 1120 mi/mm
Regenerated 28±6 23±3 23±1 19±3 0.0
cellulose
Cellulose 22±2 18±2 21±3 18±2 1.2
triacetate
Polyacrylonitrile 20 3 18 2 20 2 17 3 0.2
Polysulfone 21±4 19±4 20±6 17±5 0.2
Polyamide 16±1 11±1 15±1 10±1 1.2
Data are: N = mean SD. QF = backfiltration calculated as
described in methods. UF = constantultrafiltration of 0.5 mI/mm for all
dialyzers.
dialyzers following bacterial challenge in the presence of hep-
arinized plasma indicates that these membranes do not allow
passage of bacteria-derived substances in spite of their large
pore size under the experimental conditions applied.
The mechanism by which highly permeable membranes re-
duce passage of bacterial substances into the blood compart-
ment remains uncertain in view of the data generated in this
study. Previous studies using polysulfone and polyamide mem-
branes in ultrafiltration experiments to remove cytokine-induc-
ing substances from E. co/i and Pseudomonas culture filtrates,
demonstrated a strong affinity for adsorption of cytokine-
inducing bacterial substances of both membranes [14, 241. In
both studies, bacteria-derived substances were retained even
under the conditions of ultrafiltration with cut fibers suggesting
that adsorption to the dialysis membrane was the responsible
mechanism of rejection.
Fig. S. The effect of polymyxin B (5 .tg/ml
final concentration) on TNFa production from
MNC incubated with samples from the
dialysate (, bottom half) as well as from
the blood side (U top half) of S p.m
regenerated cellulosic and cellulose triacet ate
dialyzers after challenge of the dialysate with
P. maltophilia filtrate. Corresponding open
—
bars represent samples preincubated with
polymyxin B. Bars represent means 5EM of24 5 parallel experiments. TNFa-inducing
activity is given as ng/2.5 x 106 MNC/18
hours. Note the different scales for blood side
and dialysate activities.
In the present study, we did not measure adsorbed bacterial
substances on the dialyzer membranes. However, we followed
the TNFa-inducing activities in the dialysate side after the
addition of P. ma/tophi/ia filtrate (Fig. 2). These data prove that
all dialyzer membranes were challenged with equal amounts of
bacteria-derived substances. If adsorption of bacterial sub-
stances to the dialyzer membrane is involved, one would expect
time-dependently decreasing TNFa-inducing activities in the
dialysate compartments. There was a tendency to decreasing
TNFa-inducing activities only with cellulose triacetate,
polysulfone and polyamide. However, as the changes were not
significant, these indirect data do not prove that adsorption of
bacterial substances accounts for the observed differences.
Further studies are required to understand dialyzer membrane
properties and mechanisms by which some high-flux dialyzer
membranes reduce the permeability to bacterial substances.
It has to be emphasized that the MNC incubation is a
sensitive bioassay to measure bacterial substances indirectly by
their ability to induce cytokines. The direct and quantitative
measurement of defined substances such as purified LPS is
beyond the limits of this bioassay. The LAL assay is known to
measure LPS quantitatively but is restricted to protein-free
solutions. A further problem is that bacteria contaminating
water and dialysate such as Pseudomonas species [2] release
cytokine-inducing substances which are not inhibited by poly-
myxin B (Fig. 5) and are not detectable by the LAL assay [12].
To date, there is no specific assay available to measure LAL-
negative cytokine-inducing substances derived from water bac-
teria. Therefore, there is no alternative to the MNC assay for
the detection of these TNFr-inducing substances highly rele-
vant to hemodialysis.
The results of the present study are in agreement with a
recent work by Laude-Sharp et al [12] who demonstrated the
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passage of IL-i-inducing activity derived from phenol-extracted
LPS from Neisseria meningitidis across polyacrylonitrile mem-
branes. These purified LPS fragments were negative in the LAL
assay. They also demonstrated membrane-dependent differ-
ences in adsorption of radiolabeled LPS from Neisseria menin-
gitidis, with polysulfone adsorbing more than polyacrylonitrile
and regenerated cellulose. These differences support our pos-
tulate that adsorption of bacterial substances to the dialyzer
membrane may account for the reduced pyrogen permeability
of highly permeable dialyzer membranes. Using radiolabeled
LPS from Pseudomonas testosteroni, Laude-Sharp et al [121
further demonstrated the permeability of all membranes tested
including polysulfone, which was not permeable in our experi-
ments. This discrepancy can be explained by differences in the
experimental design of the two studies including: (1) the bacte-
rial source: microorganism-dependent differences in the perme-
ability of high-flux dialyzer membranes have been recently
reported [25, 261; (2) the preparation of the challenge material,
phenol extracted LPS fragments [121 versus bacterial culture
filtrate; and (3) the challenge dose; compared to the present
study, Laude-Sharp et al used a fourfold higher challenge dose
(0.8 vs. 0.2 sg/ml LAL-active material) which might have
caused the breakthrough in their polysulfone experiments. It
has to be mentioned, however, that in both studies the LAL-
active material was not equivalent to the total pyrogenic activ-
ity of the challenge material because of its content of LAL-
negative substances.
Explanations for the microorganism-dependent differences in
the permeability of dialyzer membranes to cytokine-inducing
bacterial substances remain speculative. However, experi-
ments using polymyxin B suggest that the mixture of cytokine-
inducing substances in the bacterial filtrate varies from one
bacteria to the other. The P. maltophilia-derived TNF1-induc-
ing activity in the blood side was not inhibited by polymyxin B
(Fig. 5), whereas E. co/i-derived activity passing across regen-
erated cellulose [11] and cellulose triacetate [25] has been
reported to be significantly reduced in the presence of this
cationic antibiotic. These data suggest that biologically active
substances derived from P. maltophilia filtrate contain either
different species of LPS [27] which are not neutralized by
polymyxin B or substances of low to middle molecular weight
which are unrelated to LPS. The latter could in part explain the
failure of the LAL test to detect the permeability of regenerated
cellulose when challenged with Pseudomonas species [31.
The presence of low molecular weight TNFa-inducing sub-
stances in the culture filtrate of P. maltophilia is indicated by
our data showing that regenerated cellulose with a molecular
weight exclusion of approximately 5 kD [28] was one of the
permeable membranes. Therefore, bacterial substances causing
increased TNFa induction in the blood side have to be of low to
middle molecular weight (<5 kD). When membrane thickness
was increased from 8 to 16 jim, blood side TNFa-inducing
activity appeared later and was lower (Fig. 4). This finding
indicates that diffusion contributes significantly to the transport
of bacteria derived substances across the dialyzer membrane,
as it has been suggested previously [29, 30]. The results are
consistent with the assumption that a thicker membrane will
increase the diffusive resistance.
In summary, whether contamination of dialysate causes
measurable cytokine-inducing activity on the blood side is
influenced at least by the following variables: (1) the type of
microorganisms present in dialysate; (2) the composition and
concentration of cytokine-inducing substances in the dialysate;
(3) the presence of plasma factors (for example, C5a) in the
blood side; and (4) possibly the adsorptive capacity of the
dialyzer membrane.
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